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Abstract 
A Numerical method to predict the dynamic stability derivatives of complex configuration using Computational Fluid Dynamics 
is presented. Based on the numerical solution of forced sinusoidal oscillating motion around body axis or translational motion, 
both static and dynamic stability derivatives are concurrently extracted from the history of the unsteady aerodynamic force and 
moment coefficients. The method is validated for 3-D reference missile and aircraft dynamic test configurations. Comparisons 
with the wind tunnel data available in the literature are also included. Excellent comparisons with experiments showed that the 
present method based on unsteady simulation of RANS can provide an alternative to predict the dynamic stability derivatives for 
the complex configurations. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA). 
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1. Introduction 
Since Byran proposed the aerodynamic mathematical modeling based on linearity assumptions in 1911, the 
stability derivative concept had been commonly applied in flight dynamics. Accurate prediction of stability 
derivative is important in vehicles design as they influence the dynamic stability of the missiles and aircrafts. Up to 
now, determination of stability derivatives has mainly relied on wind tunnel testing and semi-empirical method. 
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However, with the much progress of Computational Fluid Dynamics (CFD), numerical prediction methods based on 
CFD have been more popular in recent years [1-11]. 
Compared with the experimental or theoretical means, the numerical methods can be used to reduce the design 
costs by reducing the numbers of wind tunnel dynamic tests performed during the preliminary design stages, as well 
as to be applied to complex configurations and wide range of flow conditions. The time-accurate CFD methods have 
the greatest potential for solving wind-tunnel wall or model installation interference effects and nonlinear 
aerodynamic effects induced by shock waves, boundary layer and three-dimensional separated flows. 
In this paper, a numerical approach for stability derivatives prediction is described in detail. Based on the 
unsteady simulation of forced oscillating motion around body axis or translation motion, both static and dynamic 
stability derivatives are simultaneously extracted from the history of the unsteady aerodynamic force and moment 
coefficients. The results of several validation cases using reference dynamic test configurations for both missile and 
aircraft geometries are presented. Excellent comparisons with experiments showed that the present method based on 
unsteady simulation of RANS can provide an alternative to predict the dynamic stability derivatives for the complex 
configurations. 
2. Numerical method 
The focus of the current work is to simulate forced-oscillation using time-accurate RANS method, so that both 
the static and dynamic stability derivatives can be derived concurrently from the results of unsteady flow. The steps 
of the numerical prediction method may be summarized as follow: 
(1)First, a steady-state solution was obtained. 
(2)Starting from the steady flow, a specified sinusoidal oscillating motion was simulated.  
(3)Extracting the stability derivatives from history of aerodynamic force and moment. 
2.1.  The calculation method of stability derivatives 
In most cases aerodynamic force and moment coefficients can be defined as functions of the flight conditions, 
and broken into static portion and dynamic portion.  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In many cases this can be simplified when linearity theory is assumed, so that each individual effect of 
independent parameters can be linear superposition. 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Expanding Eq. (2) in a Taylor series about a reference state: 
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Where, C j represents the force and moment coefficients about the body axes: the axial, normal, and lateral 
force coefficients CA, CN , CY  and the roll, pitch, and yaw moment coefficients Cl, Cm, Cn. xi represents independent 
parameters, such as angle of attack α, angle of sideslip β, free stream velocity V∞, the altitude h, control surface 
settings δi , the rotation rates about the body axes p, q, r and D , E . 
Further, each individual effect is assumed to be due to a linear variation of that parameter, δi and V∞ equal 
constant, Eq. (3) is given by 
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If the vehicle dynamics is composed of rotational motions about the body axes with the small amplitude angular 
displacement θx, θy, θz, angular velocity ᇞ p = θx, ᇞ q = θy, ᇞ r = θz. Components of the angular velocity resolved in 
the aerodynamic axis system (ωxw, ωyw, ωzw) are related to those resolved in the body axis system through 
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From Eq. (5)  
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Assumed no sideslip, β0 = 0, then 
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Eq. (4) can be expressed as:  
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Most wind tunnel dynamic tests are single degree of freedom motion. For example, the model is rotated with 
respect to body axis x, θy = θz = 0, 0  zy TT  . Eq. (9) can be written as: 
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Rotated about y axis, θx = θz = 0, 0  zx TT  . Eq. (9) can be written as: 
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Similarly, rotated about z axis, θx = θy = 0, 0  yx TT  . Eq. (9) can be written as: 
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Based on Eq. (10)-Eq. (12), the stability derivatives can be fitted by the least square methods, such as static 
derivatives, ElC , DmC , EnC , the direct damping derivatives, DE sinll CC p  , Dmm CC q  , and DE cosnn CC r  ,  
and the cross derivatives DlC , EmC , DnC and DE sinnn CC p  , DE cosll CC r  . 
It is to be noted that, the pitch damping derivatives are given in the form of the sum of two individual coefficients. 
The DmC  could be obtained through unsteady application of a plunge motion which is defined by:  
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Translation velocity:  ktzk
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dzwtr cosmax                                                                                            (14) 
Component of velocity in z : trwV DE sincos                                                                                         (15) 
Effective angle of attack:    DE
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Variation of angle of attack: DDD  ' eff                                                                                                   (17) 
Pitching moments generated by plunge motion can be written as:  
    DDDD  'w
w'w
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When DmC  is calculated from Eq. (18), qmC  can be obtained. 
Similarly, EnC can be solely computed by the translational motion in the yaw plane.  
So, through the oscillating motion about body axes and unsteady translation in two planes, the main stability 
derivatives can be obtained and listed in the table 1. 
Table1 main stability derivatives 
case motion 
stability derivatives 
direct derivatives cross derivatives 
1 Pitching about y 
DmC , Dmm CC q   Dll CC q  , Dnn CC q   
2 Yawing about z 
EnC , DE cosnn CC r   DE cosll CC r  , DE cosmm CC r   
3 Rolling about x 
ElC
, DE sinll CC p   DE sinmm CC p  , DE sinnn CC p   
4 Translation motion DmC , EnC   
2.2. Unsteady calculation 
Accurate simulation of unsteady aerodynamic force is critical for the reliable stability derivatives. A semi-
discrete finite volume method is employed to solve RANS. The second-order Roe scheme is adopted for the spatial 
discretization of the inviscid fluxes. The viscous flux terms are discretized by second-order central differences. In 
order to improve the temporal accuracy, the dual time-stepping method is used for time advancement. This 
technique introduces an outer time-stepping loop for a real time step employing an implicit scheme, and an inner 
loop with a fictitious time step to reach the steady state at each real time step. The numerical scheme has second-
order spatial and temporal accuracy. More details of this numerical method are discussed in Refs. 12.  
Grid resolution, time step are important for the stability and accuracy of the unsteady calculation. So, the real 
time-step t'  and iteration number N , sub-iteration time step W'  and sub-iteration number Wn must be carefully 
matched in application.  
To verify the unsteady calculation method, computation is performed with a forced pitch oscillating NACA 0012 
airfoil which is defined by the angle of attack as 
 
ktsinmax0 DDD                                                                                                         (19)  
Here, Mach number, M = 0.6, mean AOA, α0 = 4.86°, the amplitude of AOA, αmax = 2.44°, reduced frequency k 
is 0.08, the center of gravity position, xcg/c = 0.25. 
The instantaneous wall pressure distributions during the oscillating are given as Fig. 1 and Fig. 2. Numerical 
results showed good agreement with the available wind tunnel data [13], which demonstrates the unsteady 
simulation is reliable. 
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Fig. 1. pressure coefficient distribution, α = 5.95          
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                     Fig. 2. pressure coefficient distribution, α = 2.43 
3. Numerical results 
3.1. Basic Finner Missile 
In order to validate the present approach for stability derivatives prediction, the Basic Finner missile, which is 
commonly used in the literature as a standard research configuration, has been selected as the test case geometry. As 
showed in Fig. 3, Basic finner is a cone-cylinder fuselage with four square fins. The cone section has a 10° half-
angle. Computational grids are shown in Fig. 4. 
The variations with Ma of the static normal force coefficient slope ( DNC ) and pitch moment coefficient slope 
( DmC ) are presented in Fig. 5 and Fig. 6. The static, steady-state computational results are in excellent agreement 
with experimental data from NOL [14].   
Starting from the steady flow, a specified sinusoidal oscillating motion was simulated for Mach number 1.58, 1.9, 
and 2.5 at zero angle of attack to determine the pitch-damping coefficient. In all cases, the amplitude of oscillation is 
set to 1 degree and a constant reduced frequency, k = 0.006, is used. Two center of mass positions are located 5.0 
and 6.0 diameters from the nose along the longitudinal axis of the body. As an example, Fig. 7 is the variation of 
pitch moment coefficient with angle of attack for pitch oscillating Basic Finner of M =1.58, xcg = 5.0d case. Using 
computed hysteresis curves like Fig. 7, the pitch damping coefficients can be derived using Eq. (11). The pitch 
damping coefficients are compared against wind tunnel [1]. As seen in Fig. (8), the agreement is good. Taking use 
of the approach introduced in section 2.1, the static stability derivative DmC is also obtained at the same time. As 
observed in Fig. 6, the results are represented by the blank gradient symbols, which are in good agreement with the 
static pitch moment coefficient slope by steady numerical simulation (blank circle symbols in Fig. 6). This 
comparison indicates that the present method to predict static and dynamic stability derivatives simultaneously is 
practical.  
In addition, plunge motion in pitch plane is simulated. The hysteresis loop of pitching moment coefficient is 
indicated by the blank circle in Fig. 7. The hysteresis loop of plunge motion is slimmer than that of pitching 
oscillating motion. Using the unsteady pitch moment coefficient history, the damping derivatives were extracted, 
DmC = -32.4/rad, Dmm CC q  = -545/rad. Then the qmC  can be obtained. It is shown that the contribution of rate of 
angle of attack  is less than the pitch rate, q.   
Fig. 9 and Fig. 10 display the variations of rolling moment with roll angle for sinusoidal oscillating motion and 
constant roll rate motion, respectively. In Fig. 10, two curves represent two reduced frequencies. Although these 
curves are different, the rolling damp derivatives extracted from them are invariable, plC = -24.3/rad. Shown in 
Fig.11 and Fig. 12 are the comparisons of the computed and experimental rolling damp derivatives variations with 
respect to Mach number and angle of attack. Rolling damp derivatives decrease as Mach numbers increase, and 
increase with angle of attack.   
                
Fig. 3. Basic Finner geometry                                                                 Fig. 4. Computational grids for Basic Finner 
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Fig. 5. Comparisons of DN
C
results with experimental data 
 
             Fig. 6. Comparisons of
DmC results with experimental data 
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Fig. 7. Variation of mC with angle of attack at Ma =1.58 
 
             Fig. 8. Comparisons of Dmm
CC
q

with experimental data 
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Fig. 9. Hysteresis loops of lC at Ma =1.58 
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                     Fig. 10. Convergence history lC for various k at Ma =1.58 
 
Fig. 11. Variation of pl
C
with Mach number at 0 D [15] 
 
       Fig. 12. Variation of
pl
C with angle of attack at Ma =1.96, M =45º [16]  
3.2. Standard Dynamic Model Aircraft 
As seen in Fig.13, the Standard Dynamics Model (SDM) is a test configuration designed loosely on the F-16 
aircraft, including wing leading-edge extensions, horizontal and vertical stabilizers, ventral fins, a canopy, and a 
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blocked-off inlet section. Further details on the geometry of the configuration can be found in Refs. [17]. The mesh 
contains 500k cells, surface grids is shown in Fig. 14. The computation are performed at Ma = 0.6-1.2, xcg /L= 0.584, 
k = 0.034. Half-model is applied for pitching case for saving computational cost.  
At first, steady cases are performed at Ma = 0.6. Fig. 15 and Fig. 16 show NC  and DmC  versus the angle of attack, 
respectively. In these figures, experimental results [18-19] are also given for comparison. There is large difference 
between experimental data. With increasing of AOA, static stability of SDM is changing for stable to unstable. This 
computed results show the characteristic of static pitching derivative. Fig. 17 presents the DmC  through the transonic 
Mach number regime. The comparison between the calculations and the test data is very good [19]. 
Then the pitching and rolling motion are simulated. Using the unsteady results, the direct damping coefficients 
are computed. Fig. 18 shows variation of Dmm CC q   verse AOA. It is shown that pitch damping first increases then 
decrease with increasing of angle of attack. It reaches its maximum about 10º-15º, and minimum about 20º-25º. The 
computed results have the similar tendency with the wind tunnel data [19].  
Comparison of roll-damping moment coefficients DE sinll CC p   at various angles of attack for the SDM is 
shown in Fig. 19. The nonlinear variation of the roll damping derivative with respect to angle of attack can be found. 
There is large difference between experimental data from different institutes [19]. In this study, reasonable 
agreement with other results is observed. 
Fig. 20 presents the results of DE sinnn CC p  . At low angle of attack, the cross derivatives is nearly zero. 
When angle of attack is large than 20 degree, the cross derivative increases due to the evident asymmetric flow. As 
observed, the results of the present method are in good agreement with the experimental data [19] when AOA is less 
than 20 degree. 
                   
Fig. 13. Configuration of SDM [17]                                            Fig. 14. Computational grids for SDM 
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Fig. 15. Comparisons of NC  with experimental data     
 
Fig. 16. Variation of DmC with angle of attack at Ma = 0.6 
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Fig. 17 .Comparisons of DmC with experimental data      
 
Fig. 18 .Pitch damping derivative as a function ofD   
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Fig. 19. Roll damping derivative as a function ofD  
 
Fig. 20. Roll-yaw cross derivative as a function ofD  
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4. Conclusions 
In this study, a CFD based method to predict stability derivatives is presented. The well documented Basic Finner 
missile and SDM aircraft are chosen to validate the prediction capability of the present unsteady CFD method. The 
pitch-, roll-damping stability derivatives are calculated and compared with the wind tunnel data available in the 
literature. Reasonable agreement with experiments showed that the present method based on unsteady simulation of 
RANS can provide an alternative to predict the dynamic stability derivatives for the complex configurations. 
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